Abstract There is growing concern that although the more severe forms of HIV-associated neurologic deficits are reduced following highly active anti-retroviral therapy (HAART), mild to moderate cognitive disorders may persist for years after HAART initiation and this may occur despite complete plasma viral suppression. According to the UNAIDS 2014 report, there were 3.2 million children living with HIV around the world at the end of 2013 and 91 % of these resided in sub-Saharan Africa. In the same year, only 24 % of children who needed antiretroviral treatment (ART) received it and 190,000 children died of AIDS-related illnesses. We propose that behavioral interventions are needed in combination with medical treatment and care in order to fully address the needs of children and adolescents in Africa living with HIV. In early childhood, caregiver training programs to enhance the developmental milieu of the child with HIV can enhance their cognitive and social development and that such interventions are both feasible and well-accepted by the local population. For school-age children, computerized cognitive rehabilitation training can be an entertaining and engaging way to improve attention, working memory, and problem solving skills for children with HIV. Further dissemination and implementation science work is needed for arriving at cost-effective strategies for scaling up such behavioral interventions in African resource-constrained settings, given that the vast majority of HIV-affected children and youth worldwide presently live in sub-Saharan Africa.
Introduction Highly Active Antiretroviral Therapy and Neuropsychological Deficits in Children
There is growing concern that although the more severe forms of HIV-associated neurologic deficits are reduced following HAART, mild to moderate cognitive disorders may persist for years after highly active antiretroviral therapy (HAART) initiation, and this may occur despite complete plasma viral suppression. In Pediatric AIDS Clinical Trials Group (PACTG) 377 and PACTG 338, treatment with protease inhibitor therapy for 48 weeks did not lead to improvement in any neuropsychological measure except a vocabulary score, and even that was minimal [1] . In these cohorts, even children with good virologic response (VL <400 copies/ml) had persistently poorer neuropsychological scores than population norms.
In Thailand, 79 % of HIV-infected children who had received HAART for a median 35 weeks had below normal cognitive function measured by the Wechsler Intelligence Scale for Children-III and performed much worse than This article is part of the Topical Collection on Central Nervous System and Cognition comparative arms of HIV-exposed uninfected (moderate performing) and HIV-unexposed uninfected (best performing) controls [2] (see Table 1 ). In this study, HIV remained the most significant predictor of poor cognitive function after adjustment for family income and relationship with primary caregiver (OR = 6.2). Among HIV-infected children in Kinshasa, there was greater improvement in motor function compared to cognitive scores following HAART, and children who initiated HAART at younger age and in early disease stage (WHO Clinical stage 1-2) experienced the greatest gains [3] .
These data indicate that among HIV-infected children receiving HAART, neurocognitive impairment remains a significant problem. Table 1 summarizes selected studies on the effect of HAART on neurocognitive function in pediatric HIV. Given the persistence of neurocognitive deficits in important domains, especially those that determine learning capability in HAART-treated children and adolescents, it is imperative to develop and evaluate potential interventions to remediate persistent neurocognitive deficits, even in clinically stable pediatric HIV patient populations.
Medical Care and ARV Treatment in Preventing Neurodevelopmental Disabilities
Research from high-income countries suggests that children treated with a protease inhibitor (PI)-based antiretroviral (ARV) regimen have normal global cognition scores [4] and that ARV treatment duration is associated with a reduction in neurological impairment [5] . However, evidence is largely limited to subtype B, which is responsible for only 11 % of global HIV infections [6] . The effect of ARVs on a child's cognition and behavior in low-and middle-income countries (LMICs) is still not well defined [4] . Different studies suggest that HIV-1 mutations differ by subtype [7, 8] , which might lead to increased resistance to ARVs [6] . Also, another potential cause for persisting neurodevelopmental deterioration in children in LMICs is treatment with ARV regimes with poor CNS penetration, resulting in sub-therapeutic levels that generate HIV resistance [9] . Research suggests that providing ARV with better CNS penetration can result in improved neurocognitive outcomes among adults [10] . Additional research is needed to define ARV effectiveness by specific HIV-1 subtype and the role that time of ARV initiation has on preventing or reversing neurodevelopmental deficits and psychiatric problems in adolescents [11••, 12] . Priority needs to be given to research that includes children and adolescents, who are likely to be on lifelong treatment in a context of limited therapeutic options, longterm toxicity, challenging treatment adherence, and risk of developing ARV resistance [13] .
Virology and immunological biomarkers have been identified as independent factors of disease progression in adults living with HIV [14] . Few and inconsistent results have been published in pediatric samples. Higher CD4 + and CD8 + T-cell counts [15, 16] , as well as higher CD4 percentages in children >1 year of age, have been associated with better neurobehavioral functioning [12] . Significant associations between T-cell activation and HIV-associated CNS disease have been reported [17] . Different CD4 + and CD8 + T-cell subsets in blood have been used to assess the association of immune cell activation and behavioral and cognitive outcomes [17] [18] [19] , leading to contradictory results. Higher CD4 + CD38 + HLADR + Tcells have been associated with a neuroprotective effect in young HIV+ children (<1 year) [18] . In contrast, low immune activation defined as ≤5 % CD8 + HLADR + among HIV+ infants (<2 months) was consistently associated with better psychomotor development [19] . Further examination of the role of immune activation in HIV disease among children is warranted so that clinical management can be modified accordingly and potential neuropsychological and psychiatric problems can perhaps be prevented.
For HIV-infected African children, enhanced access to ARV medications and their increased effectiveness has changed the prognosis from a uniformly deadly disease early in childhood, to one in which survival well into adolescence is not uncommon [11••] . As a result, pediatric HIV illness is increasingly becoming a sub-acute, chronic disease marked by developmental lag and progressive encephalopathy (PE) [12] . Even so, Koekkoek and others have concluded that antiretroviral therapy alone is not sufficient to reverse the neurodevelopmental consequences of pediatric HIV infection [13] [14] [15] . HAART may even contribute to neuromotor decline over time [13, 16] . In American children, Jeremy and colleagues studied HIV-infected children enrolled in several of the NIH-sponsored PACTG HAART studies and found that only 1 of 13 neuropsychological measures significantly improved. They concluded that Btreatment strategies for children with HIV disease need to be re-evaluated so that they consider restoration of neuropsychological functioning in addition to lowering the viral load^ [17] .
Another important consideration is whether HAART initiated earlier in the child's development, irrespective of clinical status, can result in better developmental outcomes for the child over the long term. Van Rie and colleagues in the DR Congo concluded that earlier treatment onset can increase the likelihood of a more normal trajectory in motor and perhaps cognitive development [19] . The Van Rie et al. and Boivin et al. studies with Congolese children included three comparison groups: those infected with HIV, those exposed to HIV in utero but not infected, and non-infected children not exposed to HIV. In both studies, children not infected but exposed to HIV were still at greater developmental and neuropsychological risk than children not infected and not exposed [7, 8] . In order to better understand the developmental and neurocognitive benefits of HAART, it is important to disentangle the effects of compromised caregiving d ue to m a t e r n al H I V s t a t u s a n d i l l n es s ( d i s t al neurodevelopmental effects) from the direct effects of HIV infection on the child (proximal effects of the disease on the CNS). The best way to do this is to recruit a comparison group of HIV-exposed (in utero) but uninfected children who live in a similar developmental milieu in terms of quality of caregiving as affected by the impact of HIV on the household. Using this approach, Laughton and colleagues documented in a randomized controlled trial that very early initiation of treatment with HAART among South African children with HIV resulted in better neurodevelopmental outcomes [11••] . The same seems to be true in an observational study of very young Ugandan children [5] .
Early Childhood and Brain Development
Early childhood is a period of rapid and dramatic change in the cognitive, emotional, social, and behavioral domains. Emotions have been shown to play a very central role in infant and child development, with early emotional experiences being shown to leave a permanent effect on brain structure and not only on behavior [20, 21] . For example, positive experiences may result in an increase in beta-endorphin and dopamine (Bpositive brain^chemicals) levels, while negative experiences may trigger the production of stress hormones, such as cortisol. This chemical activity may have long-lasting effects. If a child has many unhappy early experiences, the development of dopamine and opiate receptors may be reduced, which may result in diminished capacity to experience pleasure and enjoy reward later in life [22] .
Cerebral plasticity provides the means by which early experience sculpts a child's genetic blueprint into her ultimate profile of neurocognitive and affective function. This product of neurocognitive sculpting produces a dynamic brain/ behavior product, emerging along a continuum from highly adaptive and functional, to disorganized and pathological. An important theory on how early childhood intervention achieves brain/behavior rehabilitative benefit is based on work by Mahncke and colleagues [23] . Central to their theory is the notion of negative and positive neuroplasticity. They define brain plasticity as the capacity for physical and functional brain change that can either be strengthened or degraded in a bi-directional manner, depending on the circumstances [23] .
Bonnier included child-caregiver care enhancement as a way to achieve neuroprotection when it provides optimal environmental conditions during a critical period of neurodevelopment. She concluded in her review that the most effective programs involved both the parents and the child in achieving improved cognitive outcomes through improved child-parent interactions [24] . Cognition improved more than motor skills, and gains were greater for more at-risk families with lower maternal education. Pnina Klein developed the mediational interaction for sensitizing caregivers (MISC) approach to improve cognitive and social development among young children by training their caregivers in practical strategies for enhancing their children's development through daily interactions in the home. MISC principles can be readily translated into actions within the cultural and contextual constraints of everyday living in each of their families [25] [26] [27] .
Distal Effects of the HIV Epidemic as Children Survive into Adolescence
Enhanced access to HAART medications for children in the developing world has changed the prognosis for infected children from a uniformly deadly disease early in childhood, to one in which survival well into adolescence is not uncommon [28] . Programs such as the UN Global Fund and President's Emergency Plan for AIDS Relief (PEPFAR) have dramatically enhanced access to HAART for HIV-infected children in participating African countries such as Uganda [29] . As a result, pediatric HIV illness is increasingly becoming a sub-acute, chronic disease [30, 31] . HIV African children are now able to survive longer, but they remain at significant risk developmentally because of psychosocial distress from HIV-related orphanhood [32] . Therefore, it is important to consider strategies for enhancing their cognitive and psychosocial development in the face of HIV disease developmental encephalopathy, psychosocial distress, and seriously compromised caregiving [33] .
Over 90 % of pediatric HIV infections and AIDS deaths occur in Africa, and more than 11 million children have lost at least one parent to AIDS [34] . In Uganda, about 1 million children are orphans with one or both parents dead (UNICEF definition) and a new child is orphaned every 14 s [35] . When considering how to best address the global public health burden of the developmental effects of HIVon children, the African context is clearly paramount. In rural areas of subSaharan Africa, the family must rely upon labor-intensive subsistence agriculture to provide for the nutritional needs of the family. Because of this, maternal HIV disease and illness can severely disrupt not only the nurturing capacity of the mother for her children but also food security for the entire family [36] [37] [38] . Chronic nutritional hardship can severely undermine early childhood development [39, 40] . Because of this, the AIDS epidemic can also have devastating consequences for non-infected children of HIV parent(s).
Research conducted among children and adolescents in Uganda [41] , Kenya [42] , the Democratic Republic of Congo [43] , Rwanda [44] , Thailand, and Cambodia [45] has consistently showed the detrimental effects of HIV infection on cognition, intelligence, behavior, memory, and psychomotor outcomes. These neurocognitive deficits can result in negative school performance and other social interactions. A small study (N = 84) among Ugandan adolescents showed that 51 % had significant psychological distress within the last 12 months and 46 % met ICD-10 criteria for anxiety disorders [46] . However, the cognitive, behavioral, and psychiatric symptoms associated with specific HIV-1 subtypes on adolescents are not known.
Children with perinatally acquired HIV are at risk for neurocognitive delays and psychiatric symptoms as they progress through middle-childhood into adolescence. Youth infected with HIV are at increased risk of developmental and neuropsychological disturbances due to both the direct effects of the HIV virus on brain structures involved in the regulation of emotion, behavior, and cognition and the indirect effects of social stressors, poverty, illness, and trauma [47] [48] [49] . These disadvantages can seriously undermine academic and social achievement and therefore require urgent attention [50] [51] [52] . Following the scale-up of antiretroviral therapy supported by PEPFAR, survival of perinatally infected children in subSaharan Africa has dramatically improved [53, 54] , increasing the population of HIV+ adolescents. UNAIDS reports that 2 million adolescents between the ages of 10 and 19 years are living with HIV globally and over 90 % live in sub-Saharan Africa [34] . While initial focus was rightly placed on improved survival, there is increasing need to focus on the emerging challenges of adolescents living with HIV, specifically in identifying those at higher risk of developing neurobehavioral problems. As growing numbers of children progress into adolescence, clinical emotional and behavioral disorders have been identified as major concerns among perinatally infected adolescents [55] .
For example, in Uganda, where our pediatric HIV research group has evaluated the neurodevelopmental effects of perinatal pediatric HIV, an estimated 177,000 children below 15 years of age were living with HIV in 2013, with 9600 new infections projected to happen in the same year [56] . Children in Uganda are exposed to multiple potential developmental insults including malaria, malnutrition, parasitic infection, HIV/AIDS, trauma and abuse, unstable living conditions, and limited access to education. With an estimated 5 million children, Uganda ranks in the top ten countries for number of disadvantaged children at risk of failing to meet their developmental milestones [57] . It is likely that adolescents living in LMICs face recurrent and cumulative psychosocial stressors associated with their HIV status (i.e., medication adherence, disclosure) in addition to being confronted with psychosocial issues common to their developmental stage (i.e., initiation of sexual activity) and their social milieu (i.e., death of parents and siblings, responsibility for the welfare of other siblings, stigma, discrimination). The few studies on Uganda HIV+ adolescents show considerable rates of depression and anxiety symptoms [46] .
An Intervention Model: Mediational Intervention for Sensitizing Caregivers in Early Childhood Development
One to 5 years of age is a critical developmental period for children, during which time they develop the dynamic capacity to benefit from new learning experiences. There is a general consensus from developmental research that adult-child interactions are of central importance in this process [24] . Farah and colleagues (2008) observed a relationship between parental nurturance and memory development. This relationship was consistent with the animal literature on maternal buffering of stress hormone effects on hippocampal development [58] . Rao et al. [59] observed that parental nurturance at age 4 predicts the volume of the left hippocampus in adolescence, with warmer and more loving nurturance associated with smaller hippocampal volume. Also, the association between parental nurturance and hippocampal volume disappears at 8 years of age. They concluded that this supports the existence of a sensitive developmental period for brain maturation, especially before 4 years of age [59] . The caregiver provides for secure emotional attachments in a nurturing environment, creating learning experiences that allows a child's neurocognitive ability to blossom [60, 61] . Effective mediational behaviors by caregivers were found to be significantly related to children's social-emotional stability and the willingness to explore and learn about the world around them [62, 63] .
While the role of effective caregiving in fostering optimal neurocognitive development during sensitive periods in early childhood has been studied in a wide range of cultural settings and across various populations of children with special needs, evaluation of interventions to improve caregiving has not been done in low-resource non-Western settings. Nor have they been done with African children affected by HIV. Caregiver training can help the caregiver interact with their child in a way that promotes development and growth even in the face of adversity. Boivin and colleagues have shown that caregiver training to improve the home-based developmental milieu of very young Ugandan children with HIV can significantly enhance their cognitive development and that such interventions are both feasible and well-accepted by the local Ugandan population [64••] .
Theoretical Foundation of MISC Training
The MISC approach has a clear and well-developed theoretical foundation. Unlike models based on simple direct learning through stimulating the senses with an enriched environment [27, 57, [65] [66] [67] [68] , MISC is a mediational approach based on Feuerstein's theory of cognitive modifiability [60, 69] . The fundamental premise of this approach is that mediated learning best occurs interactively, when the caregiver interprets the environment for the child. To do so, the caregiver must be sensitive to the child's cognitive and emotional needs, interests, and capacities. As such, MISC has a strong emphasis on the importance of the social/interactive/emotional domains as integrally linked to intellectual and cognitive development.
MISC learning is accomplished by training caregivers in mediational processes as focusing (gaining the child's attention and directing them to the learning experience in an engaging manner); exciting (communicating emotional excitement, appreciation, and affection with the learning experience); expanding (making the child aware of how that learning experience transcends the present situation and can include past and future needs and issues, therefore extending beyond the immediate need of the moment); encouraging (emotional support of the child to foster a sense of security and competence); and regulating (helping direct and shape the child's behavior in constructive ways with a goal toward self-regulation).
Most of the MISC training of caregivers is devoted to helping parents become aware and develop practical strategies for focusing, exciting, expanding, encouraging, and regulating the child as learning opportunities arise in the course of natural everyday caregiver/child interactions [27, 68, 70, 71] . It begins by trying to understand and highlight the caregivers' objectives for childrearing and their goals for the ideal child and ideal parent. It asks parents/caregivers what outcomes they hope to achieve. This process raises parental awareness regarding their own attitudes about childrearing, perception of the child, perception of themselves as caregivers, awareness of the child's emotional and cognitive needs, and awareness of the impact of parental/caregiver interactive behavior. Because of the facilitative nature of the program, it does not rely on outside resources or materials and can be implemented with most children in a variety of contexts where caregiver/child interactions naturally take place.
The families in the district where our preliminary study took place are primarily from the Baganda tribe in Uganda, a tribe which traditionally highly values children and emphasizes the importance of the effective and loving nurture of children for the future betterment of families and communities [72] . The cultural emphasis on the nurturing of children is a good fit for the MISC, which is a method for sensitizing mothers to the positive aspects of their current childrearing interactions. Similarly to what Klein found in Ethiopia, the initial results from Kayunga and Tororo indicated that the principles of MISC are simple and can be easily understood by caregivers and associated with their own childrearing goals [25] . As a result, caregivers noted how MISC principles can be readily translated into actions within the cultural and contextual constraints of everyday living in each of their families [27, 68] . When culturally appropriate and effectively implemented, caregiver training interventions to support the care and nurture of household children can improve functionality, psychosocial support, and emotional well-being of the mothers. These benefits are strongly related to the neurodevelopmental well-being of young African children [73] .
HAART and the Neuropsychological Effects of HIV in Adolescence
Following the scale-up of HAART supported by US PEPFAR, survival of perinatally HIV-infected children in sub-Saharan Africa has dramatically improved [53, 54] . While initial focus was rightly placed on improved survival, there is increasing need to focus on the quality of life for African children living with HIV. Cognitive, psychiatric, and behavioral (neuropsychological) disorders are emerging as a major concern in HAART-treated perinatally infected children as they progress into adolescence. Such problems can seriously undermine academic and social achievement and therefore require urgent attention [50] [51] [52] . There is emerging data on poor academic performance by HIV-infected children, with a significant number of children experiencing delay in achieving academic targets.
A large study among HIV-infected adolescents in New York found one third to be attending special education mainly attributable to problems in reading or math. Several other studies have explored school performance among HIV-infected children and adolescents and identified poorer outcomes compared with children without HIV [74] [75] [76] . Therefore, interventions targeting HIV children who remain at risk for poor neurocognitive and behavioral function are urgently needed. In a systematic review of cognitive development and pediatric HIV, 81 % of 54 studies found HIV to have a detrimental effect on neurocognitive development [77, 78] . While most neurocognitive domains can be affected, pediatric HIV has the most substantial effect on attention, memory, and visual spatial processing speed [78] [79] [80] [81] [82] . These are the very domains of neurocognitive development in African children that have been most effectively improved through computer cognitive rehabilitation training (CCRT), discussed further below [83••] .
Computerized Cognitive Rehabilitation Training with Children with HIV
We can identify factors that can serve as early predictors to identify those who are potentially at higher risk of having negative neurocognitive and behavioral outcomes. Such neurobehavioral biomarkers can allow for early intervention using primary and secondary behavioral prevention and treatment strategies [84] [85] [86] . This is so that psychological support and treatment services can be developed in low-resource settings with a high prevalence of adolescents with HIV. Figure 1 is based on a conceptual model proposed by Walker and colleagues [87, 88] and illustrates how our assessment plan was used to evaluate the neuropsychological benefits of CCRT in Ugandan school-age children with HIV [83••, 89-91] . This work could eventually be the basis for a similar intervention plan extending into adolescence for children especially at risk.
In our most recent study findings with school-age Ugandan children with HIV, both Captain's Log CCRT and the locked (limited) version of Captain's Log (active control arm) significantly enhanced global cognitive ability and executive functioning as measured by the Kaufman Assessment Battery for Children (2nd ed.) (KABC-II) (see Table 2 and Fig. 1 ) [92] . In a separate test, we evaluated the neuropsychological benefits of Brain Powered Games (BPG), a set of games within an African village motif developed by Michigan State University telecommunications professor Brian Winn and his programming team [93] . Our analyses documented significant improvements on measures of attention and processing speed from the Tests of Variables of Fig. 1 Model of the major risk factors and developmental domains for our study children with HIV. This figure depicts the computerized cognitive rehabilitation training (CCRT) program used (Captain's Log) (far right), neuropsychological outcome assessment domains from Table 2 (sensory/motor, cognitive, psychiatric), principal proximal severity of illness factors serving as moderating and modifying variables (HIV subtype, extent of progressive encephalopathy), and more distal risk control variables (far left) affecting the three principal neurodevelopmental domains (sensory/motor, cognitive, psychiatric). This type of clinical study design allows for the more accurate assessment of the direct impact of severity of HIV on brain/behavior benefits derived from such interventions as CCRT Attention (TOVA; see www.tovatest.com). These disparate findings (i.e., improvements in attention and processing speed versus global ability and executive functioning) between BPG and Captain's Log CCRT suggest that combining BPG and CCRT training successively may provide for a more comprehensive and complementary neuropsychological benefit from CCRT intervention.
Summary and Conclusions
An estimated 200 million children under age 5 in LMICs fail to reach their developmental potential. Advances in neuroscience show that exposure to poverty-related cumulative risk during childhood affects brain structure and compromises the development potential of these children by limiting opportunities for cognitive stimulation. This is especially the case in African children affected by both the proximal (infection) and distal (compromised caregiving and learning environments) in resource-constrained settings.
Although there are evidence-based programs for promoting cognitive development among children living in poverty in LMICs, because they have generally only been implemented by highly skilled providers, which are costly and limited in supply, the possibility of scaling up and disseminating such programs is limited. One such program is the MISC, a program that uses specialized providers to train caregivers to be more attuned to their child's needs. This program has been shown to achieve significant developmental and long-term academic gains in children within impoverished communities when implemented by educated providers [25] . As children survive into middle childhood and adolescence, CCRT can provide an effective way to enhance the neurocognitive skills foundational to academic and community-based learning and achievement.
However, the financial costs and human resources needed to expand the reach of such program may be prohibitive in its current format, which includes individual treatment over 12 months by technical or university-educated providers. The next logical step is to evaluate dissemination and implementation strategies of group-based MISC and CCRT programs in the most cost-effective and sustainable manner possible, appropriate to the cultural context. This review provides evidence for the efficacy of such interventions in the African context in addressing the developmental needs of children affected by HIV. We conclude that MISC-and CCRT-type interventions can be packaged with the needed ARV and medical support treatment services so as to be efficiently and successfully implemented in a group-based peer-delivered model. Such bundling of medical and behavioral services considerably enhances the potential for scaling up and sustaining such evidence-based behavioral interventions. This battery can be used to evaluate the benefits of computerized cognitive rehabilitation training (CCRT) or other behavioral interventions for African children affected by HIV [91] The implications for such a proposal are significant in that they address a serious global health problem in a vulnerable population for whom few medical/behavioral evidence-based programs exist. Dissemination and implementation science research for such medical/behavioral treatment packages will have considerable public health impact for African children affected by HIV in that (1) they provide for the systematic evaluation of strategies that could lead to a sustainable translation of an evidence-based program into practice; (2) they can lead to a better understanding of the critical factors pertaining to sustainability and intervention package program fidelity; and (3) they can provide for cost data that will be accessible by policymakers to inform their decision on further supporting the program's dissemination. Beyond the needs of HIVaffected children in Africa, such an initiative has farreaching implications for promoting improved child development and reducing the burden of emotional and behavioral problems globally, that is, wherever at-risk impoverished children face significant adversity with few highly trained providers (medical or otherwise) to meet their needs.
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